In a number of papers an attractive method of laser polarization of electrons (positrons) at storage rings or linear colliders have been proposed. We show that these suggestions are incorrect and based on errors in simulation of multiple Compton scattering and in calculation of the Compton spin-flip cross sections. We argue that the equilibrium polarization in this method is zero.
Introduction
Experiments at SLC had shown great potential of polarized e ± beams for investigation of new physical phenomena. In all projects of future e + e − , e − e − , γγ and γe linear colliders [1] , the electron and positron beams with high degree of polarizations are foreseen, though that is not an easy task. That is why any new methods for obtaining polarized e ± beams are very welcome.
There are two well known and recognized methods for production of polarized beams for linear colliders. In the first method, electron beams with the polarization of 80 % (may be even higher) are obtained using photoguns [2] . Another method of polarization, suitable both for electron and positron beams, is based on a two-step scheme [3] . At the first step, the unpolarized electron beam passes the helical undulator (or collides with the circularly polarized laser light) and produces photons with the maximum energy of about 30 ÷ 50 MeV. The photons have a high degree of circular polarization in the high energy part of spectra. Then these photons pass a thin tungsten target and produce e + e − pairs. At the maximum energies, these particles have a high degree of longitudinal polarization. The expected polarization of electron and positron beams in this method is 45 ÷ 60 % [4, 5] .
Beside, during last three decades several authors [6, 7, 8, 9] had proposed a new attractive method for production of polarized electron 1 beams based on the process of multiple Compton scattering of ultra-relativistic electrons on the circularly polarized laser photons. Such proposals were cited in a number of papers (see Refs. [10] , for example) and attracted attention at the Snowmass 2001 Conference. It was suggested to realize this method either on a storage ring (where an electron beam performs collisions with laser beams many times at a single collision point) or at a linear collider (where an electron beam performs collisions with laser beams at several points with the reacceleration between them).
The theoretical consideration of the process of multiple Compton scattering in the papers [6] [7] [8] [9] results in two different conclusions:
• Conclusion 1 [7, 8] . The longitudinal polarization of electrons (positrons) up to 100 % can be achieved for a relatively short time of the order of several dumping times.
• Conclusion 2 [6, 9] . The longitudinal polarization of electrons (positrons) up to 62.5 % can be achieved for the time much longer than the dumping time.
In Sect. 2 we present correct formulas for the Compton scattering and show that the longitudinal polarization of the final electrons in the considered problem is zero.
In Sect. 3 we explain the origin of nontrivial mistake in considerations which has lead to the "Conclusion 1". Shortly speaking, in the simulation of the multiple Compton scattering one should not only to consider the multiple Compton scattering of the same electron but also it is necessary to take into account the fact that the polarization of unscattered electrons also changes in the laser wave. The correct simulation procedure for the multiple Compton scattering [11] (section 2) leads to zero polarization of the final electron beams.
In Sect. 4 we show that the Conclusion 2 is due to an error in calculation of the Compton spin-flip cross sections. The error is connected with the incorrect transition between the collider system (CS) and the rest system of the initial electron (RSIE).
Polarization of final electrons 2.1 Polarization of final electrons in the single Compton scattering
In the discussed problem we consider the basic Compton scattering
in the CS, in which an electron with energy E ∼ 1 GeV performs a head-on collisions with a laser photon with energy ω ∼ 1 eV. Let us introduce some notations related to the Compton scattering (1) in the CS. We choose the quantization axis (z-axis) along the initial electron momentum p (i.e., anti-parallel to the laser photon momentum k). Let P c = 1 be the mean helicity of the circularly polarized laser photons, ζ= (0, 0, ζ z ) and ζ ′ = (0, 0, ζ ′ z ) be the polarization vectors of the initial and final electron. It is convenient to describe the Compton scattering by invariants
In the CS we have
The maximum energy of scattered photons is
For E ∼ 1 GeV and ω ∼ 1 eV the value of x ∼ 0.015, therefore we assume hereafter
In the RSIE the energy of the laser photon xm e /2 is small in comparison with the electron mass: xm e /2 ≪ m e , and therefore the transverse momenta are small as well
As a result, the electron scattering angle in the CS is very small
The Compton cross section in the CS system for above conditions has been found in [12] dσ
where r e is the classical electron radius and
(in the RSIE, the invariant s = sin ϑ and the invariant c = cos ϑ, where ϑ is the photon scattering angle) 2 .
Let us now consider the equilibrium polarization of the electron beam (which is achieved after multiple passing of the electron beam through the laser beam). In the CS this polarization connected with the different electron spin-flip probabilities (for a certain P c = +1):
We denote by N ± the number of electrons in the beam with ζ z = ±1. The equilibrium polarization can be found from the balance equation
From this equation one obtains the equilibrium polarization degree of the electron beam
This quantity is proportional to the difference of the Compton spin-flip cross sections (with the summation over spin states of the final photon)
Therefore, the critical question is whether ∆σ is equal to zero or it is not equal to zero. In papers [6, 9] it was claimed that the difference ∆σ = 0 (14) and the process of laser polarization of particles is possible. More precisely, they obtained ζ (f ) z = 5/8. In contrast, using formulas (8) we immediately obtain that polarization is zero 3 ∆σ = 0 .
Note that this result is due to the specific structure of Eq. (8): the coefficient in front of ζ z P c in this equation just coincides with the coefficient in front of ζ ′ z P c . The origin of wrong result (14) is explained in Sect. 4.
A scheme for simulation of the multiple Compton scattering
In some problems such as a conversion of electrons to photons at photon colliders, a laser cooling etc., it is necessary to calculate beam parameters after the multiple Compton scattering. This problem is not so simple as it seems on the first sight. A naive simulation gives immediately very exciting but wrong result: very fast polarization of electrons up to 100 % (see "Conclusion 1"). Below we show the origin of the mistake and give algorithm for correct procedure of simulation taken from [11] .
Let an electron beam traverses a region where a laser light is focused. It is clear that the energies of these electrons as well as their polarizations are varied due to Compton scattering. The polarization of the scattered electrons in the CS was discussed in detail in Ref. [12] and the cross section is given by (8) .
However, when the electron passes the laser beam, the polarization varies also for those electrons which conserve their energies and directions of motion (unscattered electrons). This effect is due to the interference of the incoming electron wave and the electron wave scattered at zero angle. The change in the electron polarization depends not only on the Compton cross section but on the real part of the forward Compton amplitude as well. Such an effect was considered in Ref. [11] .
Both these effects should be taken into account in simulation of the multiple Compton scattering. It can be realized in the following way. The electron state is defined by the current values of its energy E, the direction of its momentum (along z) and its mean polarization vector ζ. The probability to scatter on the path dz is equal to
where σ(E, ζ z ) is the total cross section of the Compton scattering process and n L (z) is the laser photon density. The coefficient 2 is due to the fact that electrons and the laser photons travel towards each other with the speed of light. Then, as usual, one can simulate whether the scattering takes place on this path dz or not. If the scattering takes place, then using known formulas for the Compton cross section in the CS (see Ref. [12] ) one can calculate a new value of the electron polarization vector ζ (f ) and other parameters.
If the scattering does not occur, nevertheless, one has to change the electron polarization vector. The necessity of this step follows from the following consideration. The value of the Compton cross section depends on polarizations of electron and laser beams. If the electron beam was initially unpolarized, then, after the Compton scattering of one electron, the rest (unscattered) part of the beam get some polarization. That is just because electrons with different polarizations have different scattering probabilities. In other words, the laser beam "selects" preferably electrons with a certain polarization. The variation of electron polarization in the laser wave for a general case was considered in [11] . Following to this paper, the change of the electron polarization vector of the unscattered electron is 
with
being the Spence function. Now we can calculate the total change of the electron beam polarization on the distance dz in the laser target. If the initial electron is unpolarized (ζ z = 0) and the laser photon is circular polarized (P c = +1), then from Eq. (8) we have
where σ unpol is the Compton cross section for unpolarized beams. Therefore, the scattered electron becomes polarized after the first scattering and its mean degree of polarization is
The total number of scattered electrons on the path dz in the laser target is dN e = σ unpol 2N e n L dz . 
i.e. it completely compensates the above polarization of the scattered electrons. So, the electron beam remains unpolarized.
Remark on the Conclusion 1
Now we are ready to show the origin of the error in Conclusion 1. Let us describe the procedure of the naive simulation of the multiple Compton scattering. It is considered the case when in the CS the polarization vectors of the initial and final electrons have zcomponents only and the parameter x is small. The corresponding Compton cross section with an accuracy up to terms of the order of x can be easily obtained from (8):
If the initial electron is unpolarized (ζ z = 0) and the laser photon is circular polarized (P c = +1), then
i.e. the cross section is somewhat larger for ζ ′ z = −1 than for ζ ′ z = +1. Therefore, the scattered electron becomes polarized after the first scattering and its mean degree of the polarization is
Repeating this procedure, one can find out that after N scattering the electron polarization is
which can reach 100 % for N ≫ 4/x. This fact is the base for Conclusion 1. This "polarization" is not connected with the electron spin-flip, it is due to some difference in the cross sections: the polarized laser beam selects electrons with a certain (in our case, negative) polarization. But such a naive simulation of the multiple Compton scattering is incorrect because it does not take into account the fact that unscattered electrons become polarized in the opposite direction. The correct procedure of the simulation described in the previous section and leads to zero polarization.
Remark on Conclusion 2
In Sect. 2.1 we have shown that the equilibrium polarization of electrons scattered on the circular polarized laser photons is zero. Below we show the origin of mistake which led to Conclusion 2. We just remind that our result (15) has been obtained in the CS. On the contrary, the authors of Conclusion 2 have obtained their result (14) in the RSIE. Below we demonstrate how to obtain our result in RSIE and show that the error in Conclusion 2 is connected with inaccurate transition from the CS to the RSIE.
In our consideration, we use the electron polarization vectors 4 ζ and ζ ′ which in CS have forms ζ = (0, 0, ±1) , ζ ′ = (0, 0, ∓1) .
It is not difficult to show that in the RSIE the vector ζ has the same form, but the vector ζ ′ has another form
4 They determine the electron-spin 4-vectors a and a ′ as
since transition from CS to RSIE corresponds to the boost along the vector p, but not along the vector p ′ . To prove (32), it is sufficient to consider the transverse component of the electron-spin 4-vector a ′ in the CS and in the RSIE. In the CS one has
since in the CS we have p ′ z /(E ′ + m e ) ≈ 1. In the RSIE the same polarization vector is
since in the RSIE we have |p ′ |/m e ≪ 1. The needed Compton cross section in the RSIE can be found in textbook [14] (see Eqs. (87,22) and (87,23)):
From here we get the following result
For the further calculations, we note that momenta of the initial and final photon in the RSIE are k = (0, 0, −ω) ,
where ϑ is the photon scattering angle (remind that the direction of z-axis is along the vector (−k)). Using Eq. (87,23) from [14] and taking into account the terms of the second order in ω/m e we obtain
As a result, we get d∆σ dΩ = 0 ,
which is in agreement with the conclusion (15) in the CS. The wrong conclusion (14) has been obtained because the same form (31) was used for the vector ζ ′ both in the CS and in the RFIE. It is equivalent to omitting the last term in the square bracket in Eq. (36).
Thus, the calculations, performed in the CS as well as in RSIE, give us the same result (15) . Therefore, we conclude that the claim (14) is based on an inaccurate transition from the CS to the RSIE.
Summary
We have shown that the multiple Compton scattering of electrons on circularly polarized laser photons does not lead to the polarization of electron beams. Statements of some authors about high degree of polarization are explained by mistakes in calculations. One mistake (which led to the Conclusion 1) is connected with the ignorance of the fact that the laser wave change the electron polarization even for unscattered electrons. The second mistake (which led to the Conclusion 2) is connected with the wrong assumption that the longitudinal polarization of the scattered electron is equal to z-component of the spin in the rest system of initial electron.
Through the paper we have considered the linear Compton scattering (the scattering of an electron on a single laser photon). It is technically possible to realize conditions which corresponds to the nonlinear Compton scattering (the scattering of an electron on several laser photons). The effective cross section for the nonlinear Compton scattering from Ref. [15] has the same specific structure as Eq. (8) but with much complicated functions F 1,2,3 . From this one can easily obtain result (15) which means that the equilibrium polarization of electrons is zero in the the case of the nonlinear Compton scattering as well.
